Various applications of terahertz (THz) electromagnetic wave have been reported in many fields, such as medical diagnosis, pharmaceutical analysis, and security enhancement. [1] [2] [3] [4] [5] [6] [7] [8] Absorption spectra in the THz range provide rich information for both intermolecular and intramoleculer interactions, such as inter-ring interactions of disaccharides. 6) Absorption spectra in the THz range is very sensitive to the difference in the crystal structure, 9) and isapplied to study the polymorphs of medicines.
Various applications of terahertz (THz) electromagnetic wave have been reported in many fields, such as medical diagnosis, pharmaceutical analysis, and security enhancement. [1] [2] [3] [4] [5] [6] [7] [8] Absorption spectra in the THz range provide rich information for both intermolecular and intramoleculer interactions, such as inter-ring interactions of disaccharides. 6) Absorption spectra in the THz range is very sensitive to the difference in the crystal structure, 9) and isapplied to study the polymorphs of medicines. 7) The THz time domain spectroscopy (THz-TDS) using the THz pulses generated by femtosecond laser pulses is useful to measure the optical properties in wave number (frequency) range below 100 cm Ϫ1 (3 THz), and gives a better signal-to-noise ratio than the farinfrared Fourier transform (FIR FT-IR) spectroscopy. 10) THz spectra is sensitive to the assembly state of molecules. The assembly state is considered to be different between optical isomers. Because of such characteristics of THz spectra, they could used to distinguish between the optical isomers. Yamaguchi et al. 11) reported that absorption spectra of THz range could distinguish DL-and L-alanine (or D-alanine), and suggested the possibility in determination of enantiometric composition of amino acids.
In this paper, we report the measurement of the absorption spectra of polycrystalline D-, L-, and DL-tartaric acid by THz-TDS. It was found that the absorption spectra showed no significant difference between D-and L-tartaric acid. On the other hand, the absorption spectra showed a remarkable difference between L-(or D-) and DL-tartaric acid. Based on the spectral difference, it was demonstrated that a quantitative analysis of L-tartaric acid in the mixture of L-and DL-tartaric acid is possible.
Experimental
Apparatus The absorption spectra were measured in the frequency range from 0 to 3 THz using a standard THz-TDS setup. 12) A mode-locked Ti:sapphire laser was used as the pump source. The emitter was a dipoletype photoconductive antenna 13) excited by laser pulses with the average of 15 mW. The bias voltage applied to the emitter photoconductive antenna was 35 V p-p and modulated at about 10 kHz. The THz radiation from the emitter was collected and focused on the sample by a parabolic mirror. The THz radiation transmitted through the sample was collected and focused by another parabolic mirror on to the detector photoconductive antenna, which was a bowtie-type on the low-temperature grown GaAs (LT-GaAs) substrate.
13)
The detector antenna was triggered by probe pulses (10 mW). Hyper-spherical Si substrate lenses were used for both the emitter and detector antennas to reduce the total reflection in the GaAs substrates and increase the beam collection efficiency. The photoconductive current signal was detected with a lock-in amplifier and its time-domain signal was obtained by scanning the optical delay of probe pulse. By Fourier transforming the time-domain signal, the amplitude spectra were obtained. To reduce the absorption due to water vapor in the ambient air, the THz beam path was filled with dry air.
Sample Preparation L-and DL-Tartaric acid were mixed with several predetermined ratios, and the 50 mg of mixtures were pressed under a pressure of 150 kg/m 2 to form pellets with a diameter of 13 mm. The thickness of samples was measured and used to derive the absorption coefficient of each sample.
Reagents and Chemicals All chemicals were obtained from commercial sources, and used without further purification. Figure 1 shows the spectra of the absorption coefficient for L-, D-, and DL-tartaric acid. All spectra show several absorption peaks on the absorption continuum which increases with frequency. The THz radiation hardly transmitted through the sample at frequencies higher than 2.5 THz, and the signal intensity became very weak at frequencies higher than 2.5 THz. One main absorption band is observed at 1.09 THz for L-and D-tartaric acid. This absorption band is not observed for DL-tartaric acid. It is considered that the difference between spectra of DL-tartaric acid and L-(or D-) tartaric acid is caused by following reasons. THz-TDS spectra sharply reflect both intermolecular vibrations and phonon frequency. Fig. 1 between DL-tartaric acid and L-(or D-) tartaric acid. In Fig. 2 , two spectra, whose molar ratio of L-to DL-tartaric acid was 2 and 0.5, are shown. It seems that the absorption coefficient of the band at 1.09 THz depends linearly on the molar ratio of L-to DL-tartaric acid. This tendency is also observed in other peaks. The composition dependence of the absorption coefficient of the band at 1.09 THz was examined more quantitatively. It should be noted that since the absorption intensity depends on the sample thickness, which slightly varies from the sample to sample, a thickness-independent quantity, such as the absorption coefficient, needs to be used in the quantitative analysis. The calculated composition dependence is shown in Fig. 3 . The regression line on the figure showed a reasonably good fitting, and the decision coefficient of the regression equation was 0.95. However, it seems that straight line recurrence is not appropriate, because data positions are clearly deviated from the regression line at the right end of the mixture ratio in Fig. 3 . The reasons of deviation from the regression line at the right end of the mixture ratio are that the spectra also have continuous absorption components which increase with frequency. Signal intensity of such components is different between samples. Such difference is occurred for the change of a sample state in mixing caused by the difference of density and particle equality. It was found that the error in the quantitative analysis increased, when the only one absorption coefficient (at 1.09 THz) was used, because of deviation from the regression line. Therefore, improvement of quantitation was attempted by some multiple regression using eight spectral data points shown by arrows in Fig. 4 . Multiple linear regression (MLR), partial least squares (PLS), 14) and quadratic PLS (QPLS) 14) were employed for the regression analysis. QPLS is a nonlinear regression method. Chemish system, which has been developed by Funatsu and co-workers was used in the analysis. 14) The obtained decision coefficients were listed in Table  1 . These three methods gave a better decision coefficient. This result indicates that the absorption coeficients at 0.95 THz, 2.00 THz, and 2.38 THz are also necessary for more reliable quantitative analysis. It is also found that PLS and QPLS are better than MLR for quantitative analysis based on the THz-TDS absorption spectra. In general, the spectra obtained in this study are very simple, but the spectra of other chemicals could be more complex. THz-TDS absorption spectra often have very complex base line. This 15) as a useful analytical tool. Therefore, to take full advantage of this method, it becomes more and more important to develop efficient analytical methods, which can draw important information from THz-TDS spectra. This study shows that THz-TDS is a promising tool for quantification of optically active compounds when used with proper analytical methods, such as PLS and QPLS.
Results and Discussion

